Abstract-Based on a narrowband channel measurement campaign, this paper characterizes the path loss in vehicular environments, categorizing between line-of-sight (LOS) and non-LOS (NLOS) propagation conditions at 5.9 GHz. Based on a linear slope model, values of the path loss exponent and the standard deviation of the shadowing are reported in three different environments, i.e., urban with high road traffic density, urban with moderate/low traffic density, and highway. The results presented here can be incorporated in an easy way into vehicular network (VANET) simulators to develop, evaluate and validate new protocols and system architectures configurations under more realistic propagation conditions.
I. INTRODUCTION
In recent years, vehicular communications are receiving considerable attention from the automobile industry, governments and academic institutions. New vehicular safety proposals based on the integration of information and communication technologies into both vehicles and infrastructure are being developed. These proposals have led to the intelligent transportation system (ITS) concept [1] , [2] . Some of these safety proposals require large-range vehicular communications systems. In this context, the introduction of vehicular ad hoc networks (VANETs), as a special case of vehicular communications, can extend the communication distance and provide more information to drivers in real-time. Moreover, vehicular communications can also provide non-safety applications, such as vehicular high speed Internet access and in-vehicle entertainment applications, among others.
Government radio management organizations have allocated specific bands for the deployment of ITS applications. For instance, the Federal Communication Commission (FCC) assigned 75 MHz of licensed spectrum at the 5.9 GHz frequency band (from 5.850 to 5.925 GHz), as a part of ITS for dedicated short-range communications (DSRC). In Europe, the European Telecommunication Standard Institute (ETSI) adopted the DSRC band for ITS applications assigning 50 MHz (from 5.875 to 5.925 GHz). The special features of both safety and non-safety applications require to develop and implement new communication technologies, where one of the many challenges to be address is the characterization and modeling of the vehicular propagation channel [2] , [3] , [4] , [5] , [6] . Thus, the vehicular channel is at present an important area in channel modeling. The mobility of both terminals, the transmitter (Tx) and the receiver (Rx), and the use of low elevation antennas and the operation frequency band make vehicular-to-vehicular (V2V) systems differ from the traditional cellular systems. Thus channel models developed for cellular systems are not suitable in the deployment of future V2V communication systems. In this context, new channel models and path loss characterization are essential to evaluate and validate networking protocols under realistic propagation conditions. Vehicular propagation channel characteristics are related to the type of environment (i.e., urban, suburban, highway, etc), vehicles speed and vehicular road traffic density. Due to the mobility of terminals, the line-of-sight (LOS) can suffer blocking effects, alternating to non-LOS (NLOS) conditions. Based on a narrowband channel measurement campaign carried out at 5.9 GHz, this paper characterizes the path loss in three different vehicular environments under LOS and NLOS conditions and in real driving behaviors, i.e., urban with low traffic density, urban with high traffic density, and highway environments.
The paper is organized as follows: Section II describes the measurement setup and the measured scenarios. Section III presents the methodology, the measurement results and path loss characterization. Finally, the conclusions are given in Section IV.
II. CHANNEL MEASUREMENTS

A. Measurement setup
To carry out the path loss characterization of the vehicular propagation channel, we have performed narrowband channel measurements. We have used a signal generator (SG) at the Tx side (Tx vehicle) transmitting a continuous wave at 5.9 GHz. A high power amplifier (HPA) was used to achieve an equivalent isotropically radiated power (EIRP) equal to +23.8 dBm. At the Rx side (Rx vehicle) we have used a vector network analyzer (VNA) to measure the received signal level through the b 2 parameter. The b 2 parameter was continuously measured using traces of N = 5000 test points, with an average acquisition time per test point of about 45 μs for a frequency intermediated filter (IF) equal to 100 kHz. With this configuration, the integration period of the measured signal level is equivalent to a vehicle displacement of 60λ at 13.88 m/s (50 km/h). Thus the average of the measured samples in each trace permits us to filter the shortterm fading fluctuations. Consequently, the variations of the measured power are due to blocking (shadowing) effects of the interacting vehicles between the Tx and Rx. Two medium power amplifiers (MPAs) at the Rx and low-loss cables were also used to achieve a total gain system of about 86.67 dB.
A laptop was used to automate the measurement acquisition system and record the measured data. Both Tx and Rx used the same antenna, a λ/4 monopole roof-mounted in the center of the vehicles through a magnetic base and transmitting with vertical polarization. The vehicles involved in the measurement campaigns were a Renault Clio as Tx and a Peugeot 406 as Rx. Thus the antenna height was 1.41 m and 1.43 m above the ground for the Tx and the Rx, respectively. In addition to the radio frequency (RF) equipment, both Tx and Rx were equipped with GPS receivers, each one controlled by a laptop, to provide information about the acquisition time of measurements, as well as relative speed and separation distance between the Tx and Rx vehicles. Fig. 1 shows the measurement setup diagram, and Fig. 2 shows the radiation pattern of the monopole antennas measured in an anechoic chamber mounted over a 1 × 1 m metallic plane emulating the roof of the vehicles. The value of the antenna gain obtained in the horizontal plane was about -2.56 dB. More details about the narrowband channel sounder used in the measurements can be found in [6] .
B. Measurement scenarios
The type of environment, the vehicle speed and the vehicular road traffic density condition the propagation characteristics of the vehicular channel. Thus road traffic densities are usually higher in urban environments and higher vehicle speeds are given in highway environments. In order to characterize the path loss taking into account these features, we have performed measurements in three different scenarios: (i) urban with 0 dB Ͳ10 dB Ͳ20 dB moderate/low road traffic density, (ii) urban with high road traffic density, and (iii) in highway environment.
Urban measurements with low traffic densities were performed in urban areas with one or two lanes of one-way travel directions, and with an average traffic density around 7,500 vehicles/24 h. The measurements in the urban area with high traffic density were collected in large avenues with one-and two-way travel directions, and with an average traffic density around 44,200 vehicles/24 h. The measurements in highway environments were performed in routes with two and three lanes in both directions, with medium and high traffic density. The measurements were collected with the vehicles driving in the same direction (convoy) in the three environments. The speed limit in the urban areas measured is 13.88 m/s (50 km/h), whereas in the highway environment is 33.33 m/s (120 km/h).
III. MEASUREMENT RESULTS AND PATH LOSS CHARACTERIZATION
A. Methodology
In vehicular communications the shadowing is mainly due to the intermittent blocking of the LOS condition by vehicles between the Tx and Rx. To distinguish between LOS and NLOS, we incorporated a video camera to the Rx vehicle (see Fig. 3 ). In the measurements the Tx vehicle was driving behind. Thus during the processing of the measured data we can categorize (classify) the subpaths in LOS and NLOS propagation conditions. To perform this classification was necessary to synchronize the video camera with the laptops through its timebase. For each subpath measured, a linear relationship between the path loss, expressed in dB, and the logarithmic of the Tx-Rx separation distance can be established, in the same manner that the traditional fix-to-mobile (F2M) channels. Then the path loss, denoted by P L, can be estimated by the classical log-distance power law model [2] , [6] :
where d is the Tx-Rx separation distance, the term P L 0 is a path loss offset, γ is the path loss exponent related to the characteristics of the propagation environment, and S is a gaussian random variable with zero mean and standard deviation σ S , used to model the large scale fading. Due to the path loss model will be extracted from the measured data through the least-squares (LS) method, the path loss predicted by (1) is restricted to the minimum (d min ) and maximum (d max ) Tx-Rx separation distances for which the measurements have been performed. In the urban areas the TxRx separation distance ranged from 7.54 to 112.47 m with high traffic density and LOS conditions, whereas with low density traffic the Tx-Rx separation distance ranged from 7.97 to 106.8 m. In NLOS conditions, the Tx-Rx separation distance ranged from 14.03 to 316.27 m in high traffic density, and from 29.66 to 216.06 m in low traffic density. In the highway environment, the Tx-Rx separation distance ranged from 23.02 to 162.74 m for LOS, and from 54.52 to 1,259.10 m in NLOS conditions. It is worth noting that the highway environment is a nearly flat terrain, allowing large Tx-Rx separation distance. Likewise, it is also important to note that for the range of the TxRx separation distance in LOS conditions, the possible effect of the ground reflected ray permits us to establish a linear relationship between the path loss and the Tx-Rx distance. Only for longer Tx-Rx distances the interference due to the ground reflected ray should be considered, resulting in a twoslope model. Fig. 4 shows the evolution of Tx-Rx separation distance, the vehicles speed and the measured power level over time in a record of 180 s. In the figure, we have circled two subpaths that correspond to LOS and NLOS conditions, showing in this particular case that fading depths can be higher in NLOS. Note that the variations of the received signal are also related to the environment and the blocking effect of vehicles between the Tx and Rx. Fig. 5 shows, as an example, the scatter plot of the path loss versus the Tx-Rx separation distance for two subpaths measured in the urban with high road traffic density, one subpath in LOS and the other in NLOS. For the linear fit results shown in the figure, the path loss difference between NLOS and LOS is about 6 dB for a Tx-Rx separation distance equal to 100 m. Table I summarizes the values of the path loss model parameters derived from the urban scenario with high traffic density. Maximum (max), mean, minimum (min) and the standard devidation (Std. dev) have been derived for all LOS and NLOS subpahts. The categorization of LOS and NLOS subpaths was performed using the information reported by the video camera. In LOS conditions, the path loss exponent ranges from 1.09 to 2.59 with a mean value of 1.77. For NLOS conditions the values of the path loss exponent are higher, ranging from 1.24 to 3.55, with a mean value equal to 2.18. With respect to the P L 0 parameter, it exhibits higher fluctuations in NLOS conditions. We have observed from the measured data that a path loss exponent lower than 2 not necessarily corresponds to propagation conditions better than free-space. Generally, values of the path loss exponent lower than 2 are related to P L 0 values larger than free-space. It is worth noting that high path loss exponents correspond to low values of the term P L 0 . This relationship between P L 0 and the path loss exponent was also observed in [6] and [7] . Tables II and III summarize the values of the path loss model parameters for urban with low traffic density and highway environments, respectively. The mean values of the path loss exponent are very similar in LOS in the three environments, but in NLOS there are significant differences. Thus, the mean path loss exponent is higher in highway (2.53) and lower in urban with low traffic density (1.90). These differences are basically due to the blocking effect by the vehicles between the Tx and Rx. This blocking effect is higher in highway environments due to the presence of trucks. The differences between the mean values of P L 0 in LOS and NLOS increase with the traffic density in urban environments, and are larger in highway environments (around 16 dB). These differences between LOS and NLOS are not negligible and should be considered in the performance evaluation and design of the future vehicular networks. From all measured data without categorizing between LOS and NLOS, the path loss exponents extracted from the measurements were 1.83, 1.75 and 1.95 for urban with high traffic density, urban with low traffic density and highway, respectively. It is worth noting that these values are between the values derived from LOS (lower values) and NLOS (higher values). These differences represent a further reason to distinguish between LOS and NLOS conditions for a better understanding of the path loss behavior in vehicular environments. The extracted values agree very well with those published in other works. For example, values of the path loss exponent equal to 1.61, 1.68 and 1.83 have been reported in [8] , [4] and [7] in urban areas, respectively. In highway environments, values of the path loss exponent equal to 1.77, 1.85 and 2.21 have been derived in [4] , [8] and [7] , respectively.
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IV. CONCLUSION
Based on a narrowband channel measurement campaign carried out at 5.9 GHz, the paper analyzes the path loss in three different environments (i.e., urban with high road traffic density, urban with moderate/low road traffic density, and highway). For a linear path loss model, the values of the model parameters have been extracted from the measured data using the LS method, categorizing between LOS and NLOS conditions. These values can be easily incorporated into VANETs simulators in order to take into account more realistic propagation conditions, and can also be used in the planning and deployment of the future vehicular networks.
